Updated figures suggest that air pollution is the main environmental cause of death in the world (Cohen et al. 2017; Burnett et al. 2018) . Most epidemiological research so far has been on air as a whole (e.g. TRAP, traffic-related air pollution), or on single (''criterion'') pollutants such as oxides of nitrogen (NOx) or particulate matter (PM). However, concerns have been raised on causality and the effects of specific pollutants at low or very low doses, and therefore on the rationale for regulatory policies (Tollefson 2018; Goldman and Dominici 2019) . Uncertainties also concern the differences between pollution due to gasoline versus diesel.
The identification of hazardous environmental pollutants-including air pollutants-is complex, particularly in relation to non-communicable diseases (Snyder et al. 2013; Prüss-Ustün et al. 2017; Vineis 2018) . Obviously, chronic air pollution exposure cannot be randomized towards identifying adverse health effects. Air pollution exposure is also not associated itself with genetic traits, and subsequently its causal effects cannot be assessed by Mendelian Randomization, in contrast to other risk factors such as body mass index (Pierce et al. 2018) . Prospective cohorts are therefore the gold standard in air pollution research and the source of risk-burden estimation.
However, observational studies are faced with confounding. Additional contributors to the complexity of identifying hazardous pollutants are the diversity of hazards that may exist and their reciprocal correlations, the typically low levels of environmental contaminants combined with generally low effect sizes, long latency periods with unknown windows of susceptibility, and largely unknown modes of action. The unravelling of environmental causes of disease is also limited by the technical difficulties in defining, and accurately measuring exposures, and by considerable spatial, temporal, and intra-individual variation. The complex and partially unknown interactions with underlying genetic and other factors that modulate susceptibility and response to environmental exposures, further complicate the process of understanding environmental hazards.
Approaches to causality: pathway perturbation
One response to concerns about the causality of air pollution effects has been based on statistical reasoning, i.e. refining tools for modelling and sound low dose extrapolation (Goldman and Dominici 2019) . Another potential approach to causality is offered by the concept of the ''exposome''. It allows an empowerment of environmental research, by improving (a) measurements and modelling of external stressors taking advantage of novel opportunities arising from sensing technology, satellite data, or machine learning algorithms, and (b) measurement of internal biological changes, taking advantage of advancements in highthroughput technologies called ''omics'' (Siroux et al. 2016) . Current possibilities of analysing (tens of) thousands of molecules in biological specimens allow the practical application of the ''pathway perturbation'' paradigm, as expressed in the National Academy of Science (NAS) report on ''21st Century Risk Assessment'' (National Academies of Sciences 2017). According to this paradigm, causality can be strengthened by observations on meaningful biological pathways affected by environmental pollutants. Before the 2017 NAS report, the concept of pathways perturbation had been already introduced in another key NAS publication in 2007, ''Toxicity Testing in the 21st Century: A Vision and a Strategy'' (National Academies of Sciences 2007). The primary goals of this report were, among others: ''(1) to provide broad coverage of chemicals, chemical mixtures, outcomes, and life stages, (2) to reduce the cost and time of testing, (3) to develop a more robust scientific basis for assessing health effects of environmental agents''. These goals are becoming increasingly tangible thanks to exposome tools.
The exposome approach
High-throughput studies were first driven by genetics. In the context of genome-wide association studies (GWAS), thousands of genetic variants are agnostically tested for association with specific health phenotypes (Tam et al. 2019 ). Yet, the proportion of disease variance explained by genetic variation alone remains limited for most noncommunicable diseases. As opposed to genetics, environmental exposures are modifiable and therefore more interesting from a primary prevention perspective.
The concept of the ''exposome'' was proposed initially by Wild (2005) , with more recent detailed development in relation to its application to population-based observational studies (Wild 2012) . The original concept was expanded particularly by Rappaport and Smith (2010) who functionalized the exposome in terms of chemicals detectable in bio-specimens. The exposome concept refers to the totality of exposures from a variety of external and internal sources including chemical agents, biological agents, radiation, and psychosocial components from conception onward, over a complete lifetime. Under this definition, the exposome comprises biologically active chemicals in response to both external environmental stimuli as well as the internal chemical environment, and offers a conceptual leap in studying the role of the environment in human disease.
Exposome findings on air pollution: impact on inflammation and the immune system
Studying the entirety of internal and external biologically active chemicals a human organism is exposed to from conception to death remains just a conceptual promise. But exposome studies focusing on specific compartments of the environment are also meaningful. For example, such studies have started to provide information on molecular pathways affected by air pollutants. Air pollution is itself a complex mixture of probably many thousands of chemicals. An exposome approach can reveal the molecular signatures of specific pollutants and their relevance for disease onset. Here we show some examples provided by a large European consortium, funded by the European Commission, Exposomics (Vineis et al. 2017) .
Investigations on the effects of air pollution in the past either considered biomarkers as an outcome of exposure, or examined health outcomes in the long term. None has used the ''meet-in-the-middle'' approach we have proposed (Chadeau-Hyam et al. 2011) . This approach (MITM) consists in measuring intermediate biomarkers (often with an agnostic omic investigation) and relating them (a) retrospectively to measurements of external exposure and (b) prospectively to a health outcome (disease, or ageing, or other outcomes). If the same set of markers is robustly associated with both ends of the exposure-to-disease continuum, this is a validation of a causal hypothesis according to the pathway perturbation paradigm. This approach also corresponds to a refinement of one of Bradford Hill's guidelines for causality assessment in epidemiology, i.e. biological plausibility, and is made possible both by the technological developments in omics and external measurements, and by the existence of longterm longitudinal population cohorts with biological samples stored for many years.
To exemplify how exposome data can be used to perform a meet-in-the-middle analysis, we have considered the mediation exerted by proteins, DNA methylation, and metabolome markers on the relationship of air pollution with coronary heart disease (CHD) and asthma. Exposure to ambient air pollution has been linked to a wide range of adverse health effects, including mortality and morbidity due to respiratory diseases and CHD (Uzoigwe et al. 2013; Newby et al. 2015; Wolf et al. 2015) . Mechanistic hypotheses have been put forward to explain the effect of air pollution on the cardiovascular and respiratory system, particularly oxidative stress and inflammation, but no MITM study had previously been performed.
As an example of MITM approach, in a cerebro-cardiovascular disease (CCVD) study embedded in Exposomics, participants were part of a large cohort. From hospital discharge records, we identified all newly diagnosed cases of CCVD and revascularization, which arose during 12.2 years of follow-up on average. For biomarker analyses (inflammatory proteins, genome-wide DNA methylation, metabolites) in prospectively collected and archived blood, we designed a case-control study nested in the cohort . We detected enrichment of altered DNA methylation in ''ROS/glutathione/cytotoxic granules'' and ''cytokine signalling'' pathways-related genes, associated both with air pollution and with CCVD risk. More specifically, Interleukin-17 was associated with higher exposure to NO 2 , NO x , and CCVD risk (OR = 1.79; CI 1.04-3.11, comparing extreme tertiles) ). In the subsequent metabolomics investigation (Jeong et al. 2018) , we observed perturbation of the linoleate metabolism pathway to be associated with both air pollution exposure and two disease outcomes, namely CCVD and asthma. Linoleate is involved in the modulation of Interleukin-8 and thus also in the immune response. These results lend credibility to previously hypothesized mechanisms and suggest that immune proteins and DNA methylation alterations related to air pollution can be detected several years before CCVD diagnosis in blood samples. Thus, we identified both epigenetic and metabolomic signals that were intermediate between air pollution exposure and two different outcomes, an example of MITM.
Future perspectives
We believe we have provided proof-of-principle about the viability of an exposome approach to answer some open issues in air pollution toxicology and epidemiology. Larger studies are needed, and replication of findings is still problematic, but the biological plausibility of our findings in Exposomics is reassuring.
